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A new mixture toxicity model was developed to predict
the time-dependent toxicity of a mixture with toxicokinetic
interactions directed specifically toward addressing
biotransformation. The Damage Assessment Model (DAM),
a toxicokinetic-toxicodynamic model that describes and
predicts the time-dependent toxicity of a single compound,
was extended to a multicomponent model for mixture
toxicity. The model assumes that cumulative damage from
the parent compound, metabolites, and/or a biotransfor-
mation inhibitor are additive, and the sum of the cumulative
damage determines mixture toxicity. Since incorporation
of the damage addition hypothesis into the DAM was
equivalent to an independent action model for mixture
toxicity, it was applied to describe the combined effect of
mixture components with potentially dissimilar modes of
action. From the multicomponent DAM, a time-dependent
toxic unit model was derived and applied to determine
the toxic units of mixture components. This model suggests
a series of experimental designs required to assess the
role of biotransformation in the toxicity of metabolized organic
compounds and a data analysis method to separately
estimate toxicodynamic parameters for the parent compound
and metabolites.

Introduction
Biotransformation is a challenge for ecotoxicologists because
no current method predicts the capability of a species to
biotransform organic compounds from the physicochemical
characteristics of the compound and species-specific prop-
erties of aquatic organisms. For the body residue approach
to predict toxic effects, improvement is needed in predicting
biotransformation and interpreting the metabolites’ con-
tribution to the observed toxicity (1-2). An additional
complication in predicting the bioconcentration factor (BCF)
and half-life for the parent compound and metabolites results
from potential dose-dependent toxicokinetics (3).

The biotransformation of an organic compound may
modify the response to the contaminant by altering the
mechanism of action through detoxification or the formation
of toxic metabolites. Therefore, the toxic effects of metabo-
lized PAH should be assessed as a mixture of the parent

compound and metabolites with different toxicokinetics and
toxicodynamics (1, 2).

In most bioassays, the contributions of parent compound
and metabolites are not distinguished. To assess the relative
toxicity of metabolites, separate toxicity assessments of the
parent compound and metabolites are required. The toxicity
of individual metabolites cannot generally be correctly
measured because of additional biotransformation. However,
when biotransformation of a metabolized organic compound
is blocked by a biotransformation inhibitor, comparison of
the toxicity of the parent compound and metabolites becomes
possible if the direct contribution of the inhibitor to the toxic
response is known. Then, the time-dependent toxicity of a
mixture of parent compound and metabolites can be
determined and analyzed with toxicokinetic and toxico-
dynamic models that include metabolic interaction.

Traditionally, mixture toxicity has been classified as
additive, synergistic, or antagonistic based on mixture toxicity
compared to that expected from Concentration Addition (CA)
or Independence Action (IA) models. The CA and IA models
were defined as follows.

CA model (Loewe additivity; 4, 5):

IA model (Bliss independence; 4, 5):

where LCx,A and LCx,B are the lethal concentrations of
compound A and B for x% mortality in a single exposure to
A and B, respectively; CA and CB are the concentrations for
A and B in a mixture, and LCx,A|B and LCx,B|A are the lethal
concentration of A and B for x% mortality in a mixture
exposure; E(CA, CB) is the joint response probability in a
mixture exposure to A and B; E(CA) and E(CB) are the response
probability for a given concentration of A or B acting alone
(4, 5).

The CA model compares relative toxicities, whereas the
IA model compares relative probabilities of response. Thus,
the CA and IA models have been considered to be mutually
exclusive (6). However, the CA and IA models are related to
each other quantitatively, and the relationship depends on
the functional form (e.g., logistic, Weibull, and probit model),
the shape parameter of the concentration-response rela-
tionship for individual components, the exposure concen-
tration level (4, 7), and the mode of toxic action (8).

The CA model is based on the assumption that mixture
components have the same mode of toxic action, whereas
the IA model is based on the assumption that all mixture
components contribute to a given effect, but may do so by
different modes of toxic action. Therefore, when using a
mixture of compounds with potentially different modes of
toxic action such as nonpolar narcosis by PAH and a specific
mode of action by metabolites, the IA model is applied.

The CA and IA models use two different methods to
compare the actual toxicity of the mixture to a reference, i.e,
a noninteraction situation. Synergistic and antagonistic
effects were classified as a deviation from the CA model as
follows:
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CA/LCx,A + LCx,B|A/LCx,B ) LCx,A|B/LCx,A + CB/LCx,B ) 1
(1)

E(CA, CB) ) 1 - (1 - E(CA))(1 - E(CB))
) E(CA) + E(CB) - E(CA)E(CB) (2)

Loewe synergism: LCx,A|B/LCx,A + LCx,B|A/LCx,B < 1 (3)

Loewe antagonism: LCx,A|B/LCx,A + LCx,B|A/LCx,B > 1 (4)
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With regard to Bliss synergism and antagonism, there is
no consensus on the concept and its application (8, 9). These
empirical approaches suggest criteria for the diagnosis of
synergism and antagonism from mixture toxicity, but do not
explain why the mixture toxicity is more or less toxic than
expected.

In addition to the above empirical approaches, deviation
from the CA or IA models can result from toxicokinetic and
toxicodynamic interactions among components in a mixture.
Toxicokinetic interactions involve the alteration of metabo-
lism and disposition of one compound by another. These
interactions can be mediated by the induction or inhibition
of the activation or detoxicification of a compound. The
toxicodynamic interactions include those processes that do
not directly affect the metabolism or disposition of a
xenobiotic, but affect a tissue’s response or susceptibility to
toxic injury. These interactions include depletion or induction
of cytoprotective factors such as the depletion of glutathione
(10) and alterations in tissue repair (11). Until now, relating
the models for component interaction using the toxicoki-
netics and toxicodynamics has not been done, and combining
information from both approaches is recognized as one of
the challenges in toxicology (5).

The main objective was to develop a toxicokinetic and
toxicodynamic model to predict time-dependent mixture
toxicity with toxicokinetic interactions. The Damage Assess-
ment Model (DAM, 12), a toxicokinetic-toxicodynamic
model developed to predict the time-dependent toxicity of
a single compound, was extended to a multicomponent
model for mixture toxicity. The DAM defines the determinant
of toxicity in terms of cumulative damage rather than body
residue or external concentration. This is the first application
of a damage addition (DA) hypothesis applied to describe

the combined effect of mixture components, which could
includes dissimilar modes of action. The influence of a
toxicokinetic interaction, such as the inhibition of biotrans-
formation, can be easily incorporated into the DAM by
changing the toxicokinetic model for biotransformation (3).
From the multicomponent DAM (MDAM), a time-dependent
toxic unit (TU(t)) model for mixtures with and without
toxicokinetic interaction was derived.

A second objective was to suggest an experimental design
to assess the role of biotransformation in the toxicity of
metabolized organic compounds and evaluate the relative
toxicity of metabolites. See Table 1 for significant abbrevia-
tions used in the text.

Theory
Toxicokinetics for a Metabolized Organic Compound. The
toxicokinetics of an organic chemical accumulated from water
with biotransformation can be described by coupled equa-
tions with first-order elimination of parent compound (PC)
and metabolites and Michaelis-Menten (MM) type biotrans-
formation

where Cw, Cp, and Cm are the concentrations in the exposure
water (µmol L-1), and organism concentrations of PC (µmol
g-1) and metabolites (µmol g-1), respectively. The ku is the
uptake rate coefficient (mL g-1 h-1). The elimination processes

TABLE 1. List of Symbols and Their Units for Variables and Parametersa

symbol unit definition

Cw µmol L-1 water concentration
Cj(t) µmol g-1 body residue, Cj(t) ) CwBCFjKj(t)
Dj(t) -b cumulative damage, Dj(t) ) kajCjPj(t) ) kajCwBCFjKj(t)Pj(t)
Sj(t) - survival probability, Sj(t) ) exp(-Dj(t))
Mj(t) - mortality probability, Mj(t) ) 1 - Sj(t)
LC50,j(t) µmol L-1 median lethal concentration, LC50,j(t) ) (Dj/kaj)/BCFjKj(t)Pj(t)
LBR50,j(t) µmol g-1 median lethal body residue, LBR50,j(t) ) (Dj/kaj)/Pj(t)
LBR50,m0(t) µmol g-1 median lethal body residue for metabolites, LBR50,m0(t) ≡ (Dtox/(kam/krm))/Pm(t), see eq 43 for details.
Kj(t) - toxicokinetic time-scale function
BCFj mL g-1 bioconcentration factor
Pj(t) h toxicodynamic time-scale function
kuj mL g-1 h-1 uptake rate coefficient
Vmax µmol g-1 h-1 maximum reaction rate
KM µmol g-1 half-saturation concentration
km h-1 biotransformation rate constant
kej h-1 elimination rate constant
kaj µmol-1 g h-1 damage accrual rate coefficient
krj h-1 damage recovery rate constant
p - scaled Pp(t), p ≡ Pp(Cw,t)/Pp0(t)
q - scaled Kp(t), q ≡ Kp(Cw,t)/Kp0(t)
r - scaled BCFp, r ≡ BCFp(Cw)/BCFp0
p̂ - scaled Pm(t), p̂ ≡ Pm(Cw,t)/Pm0(t)
q̂ - scaled Km(t), q̂ ≡ Km(Cw,t)/Km0(t)
r̂ - scaled BCFm, r̂ ≡ BCFm(Cw)/BCFm0
TUj(t) - toxic unit, TUj(t) ≡ LBR50,j(t)/LBR50,j0(t) and
cTUj(t) - cTUj(t) ≡ LC50,j(t)/LC50,j0(t)
fm(t) - percent of metabolites in total body residue
γ(t) - relative toxicity for metabolites compared to the parent compound, LBR50,p0(t)/LBR50,m0(t)
γj - relative toxic potency for metabolites compared to the parent compound,

γj ≡ lim
tf∞

γ(t)

a j represents situations exposed to parent compound (p) or metabolites (m) in the absence of PBO, parent compound (p|I) and metabolites
(m|I) in the presence of PBO, biotransformation inhibitor (I), only parent compound in the absence of biotransformation (p0), only metabolites
(m0), and nonmetabolized organic compound (A|B, B|A, A, and B). b - means dimensionless.

dCp

dt
) kuCw -

Vmax Cp

KM + Cp
- kepCp (5)

dCm

dt
)

Vmax Cp

KM + Cp
- kemCm (6)
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for the PC include first-order kinetics (kep) for the diffusion
out of the organism and Michaelis-Menten saturation
kinetics for biotransformation (Vmax and KM are the maximum
reaction rate (µmol g-1 h-1) and the half-saturation con-
centration (µmol g-1), respectively). For simplicity, the
elimination process for the metabolites was described with
a pseudo first-order kinetic constant (kem, h-1).

If the body residue of a compound (Cp
1) is smaller than

KM, eq 5 simplifies to first-order kinetics:

If the body residue of a compound (Cp
0) is greater than

KM, eq 5 simplifies to zero-order kinetics:

Therefore, the body residues of a compound showing
different toxicokinetics (i) such as first-, zero-order, and MM-
type kinetics are given by

where Cp
i(Cw,t) and Cm

i(Cw,t) are the body residue, BCFp
i(Cw)

and BCFm
i(Cw) are the bioconcentration factors, Kp

i(t) and
Km

i(Cw,t) are the toxicokinetic time-scale function for PC (p)
and metabolites (m), respectively, the superscript i represents
the 1st-order (i ) 1), zero-order kinetics (i ) 0), and the
MM-type kinetics (i ) M) (see Supporting Information part
I for details). In particular, Kp

M(Cw,t) and Km
M(Cw,t) are

explicitly unknown functions of Cw and t. However, for a
given Cw, Kp

M(Cw,t) and Km
M(Cw,t) range as follows

(see Supporting Information part II for details).
The bioconcentration factor for PC (BCFp) in the toxi-

cokinetic model for biotransformation (eq 5) is given as a
function of Cw as follows

where

The bioconcentration factor for metabolites (BCFm) and total
body residue including PC and metabolites (BCFtotal) are given
by

where

The BCFp is a monotonically increasing function of Cw, but
BCFm is a monotonically decreasing function of Cw. It is
notable that BCFtotal increases with increasing Cw when kem

is greater than kep, and decreases with increasing Cw when
kem is smaller than kep (Figure S-1 in Supporting Information
I). However, for a given Cw, BCFp

M and BCFm
M also range as

follows

Damage Assessment Model for Metabolized Organic
Compounds. If the DAM (12) is applied to metabolized
organic compounds, the cumulative damage from the PC
and metabolites with different kinetics (i), i.e., first- and zero-
order, and MM-type kinetics is:

Therefore, cumulative damage with different toxicokinetics
is given by

where Dp
i(Cw,t) and Dm

i(Cw,t) are the cumulative damage
(dimensionless) and Pp

i(Cw,t) and Pm
i(Cw,t) are the time-scale

functions for toxicodynamics for the PC and metabolites,
respectively (see Supporting Information I for details). Note
that Pp

M(Cw,t) and Pm
M(Cw,t) are explicitly unknown functions

of Cw and t. However, for a given Cw, Pp
M(Cw,t) and Pm

M(Cw,t)
range as follows

(see Supporting Information II for details).
According to the DAM (12), a toxic effect occurs for 50%

mortality at a critical level of cumulative damage (DL). Thus,
if the metabolites toxicity is negligible (DL ) Dp), the time-
dependent toxicity based on body residue (LBR50,p(t)) and
water concentration (LC50,p(t)) are given by

Therefore, the relationships of LBR50,p(t) and LC50,p(t) among
different toxicokinetics are as follows

dCp
1

dt
) kuCw - (km + kep)Cp

1 (7)

dCp
0

dt
) kuCw - Vmax - kepCp

0 (8)

Cp
i(Cw,t) ) CwBCFp

i(Cw)Kp
i(Cw,t) (9)

Cm
i(Cw,t) ) (km/kem)Cp

i(Cw,t)Km
i(Cw,t)

) CwBCFm
i(Cw)Kp

i(Cw,t)Km
i(Cw,t) (10)

Kp
1(t) e Kp

M(t) e Kp
0(t) and Km

1(t) e Km
M(Cw,t) e Km

0(t)

BCFp ) - (a + b
1

Cw
) + x(a + b

1
Cw

)2
+ c

1
Cw

(11)

a ) -
ku

2kep
, b )

KM

2
+

Vmax

2kep
, c )

kuKM

kep

BCFm )
ku

kep + km(Cp)

km(Cp)

kem
(12)

BCFtotal )
ku

kep + km(Cp)(1 +
km(Cp)

kem
)

) ( ku

kep
)(kep

kem
)(kem + km(Cp)

kep + km(Cp)) (13)

km(Cp) ≡ Vmax

KM + Cp
)

Vmax/Cw

KM/Cw + BCFp

BCFp
0 e BCFp

M e BCFp
1

and BCFm
1 e BCFm

M(Cw) e BCFm
0(Cw)

{dDp
i

dt
) kapCp

i - krpDp
i

dDm
i

dt
) kamCm

i - krmDm
i

(14)

Dp
i(Cw,t) )

kap

krp
Cp

i(Cw,t)Pp
i(Cw,t)

)
kap

krp
CwBCFp

i(Cw)Kp
i(Cw,t)Pp

i(Cw,t) (15)

Dm
i(Cw,t) )

kam

krm
Cm

i(Cw,t)Pm
i(Cw,t)

)
kam

krm
CwBCFm

i(Cw)Kp
i(Cw,t)Km

i(Cw,t)Pm
i(Cw,t)

(16)

Pp
1(t) e Pp

M(Cw,t) e Pp
0(t)

and Pm
1(t) e Pm

M(Cw,t) e Pm
0(t)

LBR50,p
i(t) )

Dp
i/(kap/krp)

Pp
i(t)

(17)

LC50,p
i(t) )

Dp
i/(kap/krp)

BCFp
iKp

i(t)Pp
i(t)

(18)
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where LBR50,p0(t) and LC50,p0(t) are the median lethal body
residue and the median lethal concentration in a separate
exposure of the parent compound in the absence of
biotransformation and metabolites (see Supporting Infor-
mation II for details).

Damage Addition (DA) Hypothesis. Mortality in any
toxicity experiment includes both death by the toxicant and
background mortality. Total survival probability is given as
a product of survival probability from the toxicant (Stox) and
from background (S0) in control as follows

(13). Since Stotal ) 1 - Mtotal, Stox ) 1 - Mtox, and S0 ) 1 - M0,
the above equation leads to

where Mtotal is the total mortality probability, and Mtox and
M0 are the mortality probabilities for the toxicant and the
background mortality probability, respectively. This is equiva-
lent to stating that mortality from the toxicant and back-
ground are independent.

According to the DAM (12) the relationship between
cumulative damage (D(t)) and survival probability (S(t)) is
given by

Total cumulative damage (Dtotal) is the sum of cumulative
damage by toxicant (Dtox) and from background (D0) as
follows:

Similarly, if the toxicities of two compounds A and B are
independent, the cumulative damage (Dtox) from compound
A and B are additive as follows:

then,

where DA and DB are cumulative damage from compound
A and B; SA, SB and MA, MB are the survival (S) and mortality
(M) probability from compound A and B; and Dtox is the
cumulative damage that leads to the survival probability and
mortality probability from a mixture of compound A and B.
Therefore, the Damage Addition (DA) hypothesis (eq 21) is
equivalent to the Independent Action (IA) model (eq 2). Thus,
the DAM can be applied to a mixture of PC and metabolites,
even where the mode of toxic action of the metabolites is
different from that of the PC providing that the damage
caused by metabolites contributes to the overall effect.
Meanwhile, a mixture of compounds with similar modes of
toxic action are explained by the Concentration Addition
(CA) model (eq 1). According to the DAM and DA hypothesis,
CA and IA models (eqs 1 and 2) are essentially the same
when there is no toxicokinetic interaction among compo-
nents within a mixture (see below).

Multicomponent Damage Assessment Model (DAM). The
“damage addition hypothesis” (eq 21) was applied to three
different situations: a simple binary mixture, and a me-

tabolized compound showing first-, zero-order, and MM-
type kinetics with and without co-exposure to a biotrans-
formation inhibitor. Table 2 summarizes the toxicokinetic
and toxicodynamic models and damage addition model for
the three different situations.

Simple Binary Mixture of Nonmetabolized Compounds.
For a binary mixture without toxicokinetic and toxicodynamic
interactions between mixture components A and B, if the
cumulative damage for two compounds in a mixture is
additive, total cumulative damage (Dtox) equals the sum of
the cumulative damage from A and B (DA|B + DB|A), and the
cumulative damage by compound A or B from a separate
exposure (DA or DB) for a given level of response as follows:

with

Dividing both sides of eq 24 by kaAPr,A(t) and KA(t)BCFAkaAPr,A-
(t), respectively, leads to

where

where

LBR50,A(t), LBR50,B(t), LC50,A(t), and LC50,B(t) are the lethal body
residues and the median lethal concentration of A or B for
50% mortality in separate exposures to A and B, respectively,
and LBR50,A|B(t), LBR50,B|A(t), LC50,A|B(t), and LC50,B|A(t) are the
lethal body residues and the median lethal concentration of
A or B for 50% mortality in mixture exposures to A and B,
respectively.

LBR50,p
0(t) e LBR50,p

M(t) e LBR50,p
1(t) e LBR50,p0(t)

LC50,p0(t) e LC50,p
1(t) e LC50,p

M(t) e LC50,p
0(t)

Stotal ) StoxS0 (19)

Mtotal ) Mtox + M0 - MtoxM0 (20)

S(t) ) exp(-kD(t))

Dtotal ) Dtox + D0

Dtox ) DA + DB (21)

Stox ) SASB (22)

Mtox ) MA + MB - MAMB (23)

Dtox ) DA|B + DB|A ) DA ) DB (24)

DA|B ) (kaA/krA)CA|B(t)PA(t)
) (kaA/krA)CwA|BBCFAKA(t)PA(t)

DB|A ) (kaB/krB)CB|A(t)PB(t)
) (kaB/krB)CwB|ABCFBKB(t)PB(t)

DA ) (kaA/krA)CA(t)PA(t) ) (kaA/krA)CwABCFAKA(t)PA(t)

DB ) (kaB/krB)CB(t)PB(t) ) (kaB/krB)CwBBCFBKB(t)PB(t)

LBR50,A(t) ) LBR50,A|B(t) + LBR50,B|A(t)
kaB

kaA

Pr,B(t)

Pr,A(t)

) LBR50,A(t) + LBR50,B(t)
LBR50,A(t)

LBR50,B(t)

LBR50,A(t) )
Dtox/kaA

Pr,A(t)
, LBR50,A|B(t) )

DA/kaA

Pr,A(t)
,

LBR50,B(t) )
Dtox/kaB

Pr,B(t)
and LBR50,B|A(t) )

DB/kaB

Pr,B(t)

LC50,A(t) ) LC50,A|B(t) + LC50,B|A(t)
BCFB

BCFA

KB(t)

KA(t)

kaB

kaA

Pr,B(t)

Pr,A(t)

) LC50,A|B(t) + LC50,B|A(t)
LC50,A(t)

LC50,B(t)

LC50,A(t) )
Dtox/kaA

BCFAKA(t)Pr,A(t)
, LC50,A|B(t) )

DA/kaA

BCFAKA(t)Pr,A(t)
,

LC50,B(t) )
Dtox/kaB

BCFBKB(t)Pr,B(t)
, and

LC50,B|A(t) )
DB/kaB

BCFBKB(t)Pr,B(t)
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Therefore, the above equations are converted to

The above equations can be rearranged to yield toxic unit
models:

with

The eq 27 is a time-dependent Toxic Unit (TU) model for
a simple binary mixture showing the characteristics of a
concentration addition (CA) model for mixture toxicity. The
assumption of damage addition (DA) in the DAM means
independent action (IA) of mixture components, however,
when there are no toxicokinetic and toxicodynamic interac-
tions among mixture components, the DA hypothesis in the
DAM is equivalent to the concentration addition (CA) model.

Metabolized Organic Compound. If the cumulative dam-
age of the PC and metabolites is additive, the cumulative
damage for the total body residue (Dtox) equals the sum of
cumulative damage from the PC and metabolites (Dp

i + Dm
i),

and the cumulative damage by the PC in the absence of
biotransformation (Dp0) or by the metabolites in the absence
of PC (Di

m0) for a given level of response as follows

where Dp0 and Dm0
i are the cumulative damage from separate

exposures to the PC in the absence of biotransformation and
metabolites. Even though it is actually impossible to directly
measure Cp0, Dp0, Cm0

i, and Dm0
i using a wild-type strain of

test animal, it is acceptable to use the conceptual quantities
such as Cp0, Dp0, Cm0

i, and Dm0
i for the description of the

intrinsic toxicity of the PC and metabolites, respectively (see
Supporting Information II).

Dividing eq 28 by (kap/krp)Pr,p0(t) leads to

where LBR50,p0(t) and LBR50,m0
i(t), and Pp0(t) and Pm0

i(t) are
the median lethal body residues and the time-scale functions
for toxicodynamics for PC in the absence of biotransformationTA
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LBR50,A(t) ) LBR50,A|B(t) + LBR50,B|A(t)(kaB Pr,B(t)

kaA Pr,A(t))
and LC50,A(t) ) LC50,A|B(t) + LC50,B|A(t)

LC50,A(t)

LC50,B(t)

LBR50,A|B(t)

LBR50,A(t)
+

CB|A(t)

LBR50,B(t)
)

CA|B(t)

LBR50,A(t)
+

LBR50,B|A(t)

LBR50,B(t)
) 1

(25)

LC50,A|B(t)

LC50,A(t)
+

Cw,B

LC50,B(t)
)

Cw,A

LC50,A(t)
+

LC50,B|A(t)

LC50,B(t)
) 1 (26)

TUA|B(t) + TUB|A(t) ) cTUA|B(t) + cTUB|A(t) ) 1 (27)

TUA|B(t) ≡ CA|B(t)/LBR50,A(t) ≡ LBR50,A|B(t)/LBR50,A(t)

TUB|A(t) ≡ CB|A(t)/LBR50,B(t) ≡ LBR50,B|A(t)/LBR50,B(t)

cTUA|B(t) ≡ Cw,A|B/LC50,A(t) ≡ LC50,A|B/LC50,A(t)

cTUB|A(t) ≡ Cw,B|A/LC50,B(t) ≡ LC50,B|A/LC50,B(t)

Dtox ) Dp
i + Dm

i ) Dp0 ) Dm0
i (28)

LBR50,p0(t) ) LBR50,p
i(t)

Pp
i(Cw,t)

Pp0(t)
+

LBR50,m
i(t)

LBR50,p0(t)

LBR50,m0
i(t)

Pp
i(Cw,t)

P50,m0
i(t)

(29)
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and metabolites from separate exposures to the PC and
metabolites, respectively (see Supporting Information II),
LBR50,p

i(t) and LBR50,m
i(t) are the lethal body residue of PC

and metabolites in a mixture exposure.
Dividing eq 28 by (BCFp0Kp0(t)(kap/krp)Pp0(t)) leads to

where LC50,p
i(t), LC50,m

i(t), LC50,p0(t), and LC50,m0(t) are the
median lethal concentration of PC and metabolites for 50%
mortality from a mixture exposure (p and m), from separate
exposures to the PC and metabolites assuming no biotrans-
formation (p0 and m0), which are expressed as the water
concentration of PC, but have different sources of toxicity,
i.e, PC (LC50,p0(t)) and metabolites (LC50,m0(t)), BCFm0

i and
Km0

i(t)are the bioconcentration factor and the time-scale
functions for toxicokinetics for PC in the absence of
biotransformation and metabolites from separate exposures
to the PC and metabolites, respectively (see Supporting
Information II).

Thus, eqs 29 and 30 can be rearranged as follows:

with

The pi, qi, and ri are scaled values for the toxicodynamic
and toxicokinetic time-scale functions, and bioconcentration
factors, respectively. In eqs 31 and 32, pi is a function of time
with the toxicokinetic parameters (kep, Vmax, and Km) and
toxicodynamic parameter krp. The pi is the interaction term
for the toxicokinetics because the damage recovery rate
constant for the PC is the same with or without biotrans-
formation. Therefore, the extent to which pi deviates from
1 represents the intensity of toxicokinetic interaction. From
a simulation, the range of pi and piqiri are given by

(see Supporting Information II).
As a result, the time-dependent TU model based on body

residue (eq 31) can show a synergistic effect as follows:

where TUp(t) ≡ LBR50,p(t)/LBR50,p0(t), and TUm(t) ≡
LBR50,m(t)/LBR50,m0(t), because 1 e pi and 1 e p̂i. However,
the time-dependent TU model based on water concentration
(eq 32) would show an antagonistic effect for the same
experiment as follows:

where cTUp(t) ≡ LC50,p(t)/LC50,p0(t) and cTUm(t) ≡ LC50,m(t)/
LC50,m0(t), because piqiri e1 and p̂iq̂ir̂i e1. These conflicting
results are due to the metabolic interaction, which is a special
case of toxicokinetic interactions.

Biotransformation Inhibition of a Metabolized Organic
Compound. If the biotransformation process for an organic
compound is inhibited, and cumulative damage (Dtox) equals
the sum of cumulative damage from the PC, metabolites,
and inhibitor (Dp|Ii + Dm|Ii + DI), and cumulative damage
from the PC in the absence of biotransformation (Dp0) or by
the metabolites in the absence of PC (Dm0

i) for a given level
of response as follows

Thus, eq 33 leads to

where

LBR50,p0(t), LBR50,m0
i(t), and LBR50,I0(t) are the lethal body

residues in separate exposures to the PC, metabolites, and
inhibitor, respectively; LBR50,p|Ii(t), LBR50,m|Ii(t), and LBR50,I(t)
are the lethal body residues in a mixture exposure of the PC
or metabolites and inhibitor, respectively; LC50,p0(t), LC50,m0

i-
(t), and LC50,I0(t) are the median lethal concentrations in
separate exposures to the PC, metabolites, and inhibitor,
respectively; and LC50,p|Ii(t) and LC50,m|Ii(t) are the median
lethal concentrations in a mixture exposure of the PC or
metabolites and inhibitor, respectively (see Supporting
Information I). The LC50,m0

i(t) and LC50,m|Ii(t) are expressed
as the water concentration of PC, but their toxicity source
is metabolites. The ranges of pI

i,qI
i,rI

i, p̂I
i, and p̂I

iq̂I
ir̂I

i are given
by

(see Supporting Information II for details).

In an inhibition experiment, if the inhibitor entirely blocks
the metabolism of the PC, (km|I ) 0), then Cm|I is negligible,
and all of pI, qI, and rI equal 1. Therefore, when the water
concentration of inhibitor (Cw,I) is constant, eqs 34 and 35
can be simplified as follows

LC50,p0(t) ) LC50,p
i(t)

Pp
i(Cw,t)

Pp0(t)

Kp
i(Cw,t)

Kp0(t)

BCFp
i(Cw)

BCFp0
+

LC50,m
i(t)

LC50,p0(t)

LC50,m0
i(t)

Pm
i(Cw,t)

Pm0
i(t)

Km
i(Cw,t)

Km0
i(t)

BCFm
i(Cw)

BCFm0
i

(30)

piLBR50,p
i(t)

LBR50,p0(t)
+ p̂i LBR50,m

i(t)

LBR50,m0
i(t)

) 1 (31)

piqiriLC50,p
i(t)

LC50,p0(t)
+ p̂iq̂ir̂i LC50,m

i(t)

LC50,m0
i(t)

) 1 (32)

pi ≡ Pp
i(Cw,t)

Pp0(t)
, qi ≡ Kp

i(Cw,t)

Kp0(t)
, ri ≡ BCFp

i(Cw)

BCFp0
,

p̂i ≡ Pm
i(Cw,t)

Pm0
i(t)

, q̂i ≡ Km
i(Cw,t)

Km0
i(t)

, and r̂i ≡ BCFm
i(Cw)

BCFm0
i

1 e p1 e pM e p0 and p1q1r1 e pMqMrM e p0q0r0 e 1

1 e p̂1 e p̂M e p̂0, and p̂1q̂1r̂1 e p̂Mq̂Mr̂M e p̂0q̂0r̂0 e 1

TUp(t) + TUm(t) e 1

cTUp(t) + cTUm(t) g 1

Dtox ) Dp|I
i + Dm|I

i + DI ) Dp0 ) Dm0
i (33)

pI
iLBR50,p|I

i(t)

LBR50,p0(t)
+ p̂I

iLBR50,m|I
i(t)

LBR50,m0
i(t)

+
LBR50,I(t)

LBR50,I0(t)
) 1 (34)

pI
iqI

irI
iLC50,p|I

i(t)

LC50,p0(t)
+ p̂I

iq̂I
ir̂I

iLC50,m|I
i(t)

LC50,m0
i(t)

+
Cw,I

LC50,I0(t)
) 1 (35)

pI
i ≡ Pp|I

i(t)

Pp0(t)
, qI

i ≡ Kp|I
i(t)

Kp0(t)
, rI

i ≡ BCFp|I
i

BCFp0
, p̂I

i ≡ Pm|I
i(t)

Pm0
i(t)

,

q̂I
i ≡ Km|I

i(t)

Km0
i(t)

, and r̂I
i ≡ BCFm|I

i

BCFm0
i

1 e pI
i e pi, and piqiri e pI

iqI
irI

i e 1

1 e pI
i e p̂i, and p̂iq̂ir̂i e p̂I

iq̂I
ir̂I

i e 1

LBR50,p|I
i(t)

LBR50,p0(t)
+

CI(t)

LBR50,I0(t)
) 1 (36)

LC50,p|I
i(t)

LC50,p0(t)
+

Cw,I

LC50,I0(t)
) 1 (37)
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Time-Dependent Toxic Unit (TU) Model. The MDAM
with and without toxicokinetic interactions can be sum-
marized by the time-dependent toxic unit model as follows:

where TUi
p(t) ≡ LBRi

50,p(t)/LBR50,p0(t), TUi
m(t) ≡ LBRi

50,m(t)/
LBRi

50,m0(t), TUi
p|I(t) ≡ LBRi

50,p|I(t)/LBR50,p0(t), TUi
m|I(t) ≡

LBRi
50,m|I(t)/LBRi

50,m0(t), and TUI(t) ≡ CI(t)/LBR50,I0(t). From
eq 38 it is, therefore, possible to compare the relative
contribution on a toxic unit basis of the PC or metabolites
in total toxicity in the presence and absence of the inhibitor
at different exposure times t.

If the toxicity of metabolites is negligible, i.e., TUi
m and

TUi
m|I are zero, eq 38 is simplified as follows:

If the inhibitor entirely blocks metabolism of the PC, i.e.,
Ci

m|I is negligible, eq 38 is changed as follows:

Discussion
A Toxicokinetic Model for Biotransformation. In this study,
two routes for the loss flux of PC (the satiable biotrans-
formation process and the first-order elimination process)
are assumed to be independent and the biotransformation
process is neither inhibited nor induced by newly produced
metabolites. Also both the uptake and elimination processes
are assumed to be unaffected by the body residue level of
PC or metabolites. In reality, a toxic compound can change
the physiological conditions of test animals. Thus, the uptake
and elimination rate may decrease by attenuating bioactivity
(e.g., narcotics, 14), or increase the uptake rate by boosting
the respiration rate as a result of increasing oxygen con-
sumption (e.g., pentachlorophenol, 15). In the case of a PAH
mixture, individual PAH congeners will be common sub-
strates for the same biotransformation enzymes. So biotrans-
formation of PAH mixture may be inhibited depending upon
its composition, while some special components of a PAH
mixture such as benzo[a]pyrene can induce the monooxy-
genase cytochrome P450 increasing biotransformation (16,
17).

Comparison of Multicomponent Damage Assessment
Model to Other Mixture Toxicity Models. To predict the
time-dependent toxicity of a metabolized organic compound,
the MDAM with toxicokinetic interactions was developed as
an extended version of the DAM based on a damage addition
hypothesis for the time-dependent toxicity of mixtures. Thus,
total damage for toxicity is the sum of cumulative damage
from PC and metabolites. The MDAM can be applied to a
mixture containing compounds with different modes of toxic
action such as a mixture of narcotic PC and apparently
reactive toxic metabolites based on the damage addition (DA)
hypothesis. If there is no toxicokinetic interaction, the DA
model is equivalent to the CA model (eqs 27). In this case,
the DA model represents the situation where the CA model
equals the IA model. The equivalence of the CA and IA models
was theoretically demonstrated for the condition when the
individual tolerance distribution is a Weibull distribution (4,
7, 18). Experimentally the same situation can occur when
the concentration-response relationship of each mixture
component is described by the Weibull model, where the
dose-response curves are strictly parallel, and the slope
parameter takes a value of 1 based on the natural logarithm
(19).

From the MDAM, a ‘time-dependent toxic unit’ model
was derived (eq 38). Using an iso-effective approach for
concentration-time-response relationship, for a given effect
level, e.g., 50%, the time-dependent toxicity in the presence
and absence of an biotransformation inhibitor can be
compared with a time-dependent toxic unit model. This is
the first derivation and development of a “time-dependent”
toxic unit model for a chemical mixture with toxicokinetic
interactions, and was made possible because a toxicokinetic
and toxicodynamic model such as DAM could be successfully
applied to the time-dependent mixture toxicity. It was
particularly important, for the mixture of different chemicals
with toxicokinetic interactions, to differentiate the definitions
of “toxic unit” for PC based on water concentration (cTU(t)
≡ LC50,p(t)/LC50,p0(t)) and body residue (TU(t) ≡ LBR50,p(t)/
LBR50,p0(t)), because TU(t) is not equal to cTU(t), but rather
to qr cTU(t), where q ) Kp(t)/Kp0(t) and r ) BCFp/BCFp0. Since
qr is equal to Cp/Cp0, qr ranges from r to 1. Therefore, TUp(t)
is always smaller than cTUp(t).

Role of Biotransformation and the Inhibition of
Biotransformation. Metabolism of an organic compound
in the field can be inhibited or induced during exposure to
a complex mixture. Therefore, the role of inhibition and
induction of biotransformation needs to be assessed as the
combined toxicity of mixture components with toxicokinetic
interaction (competitive inhibition, induction by inducers,
or noncompetitive inhibition by other inhibitors or inducers).
However, it is not easy to assess the role of biotransformation
in toxicity, because criteria for diagnosing deviation from
the reference condition of zero-interaction such as synergism
and antagonism are not simple. Based on body residue, the
role of biotransformation on the toxicity of metabolized
compounds can be Loewe synergism (eq 3), but based on
water concentration, it is always Loewe antagonism (eq 4).
Thus, it is a more practical and important issue to assess the
relative toxicity of metabolites compared with the PC using
body residues for understanding the toxicity of a metabolized
organic compound.

The role of biotransformation is usually classified as
detoxification or intoxication based on whether metabolites
are more toxic than the PC. However, it is not simple to
measure the body residue of individual metabolites and to
directly determine the toxicity of individual metabolites. So
the fraction of metabolites in total body residue (fm(t)) is
usually measured (20), and toxic unit of metabolites
(TUm(t)) corresponding to the relative contribution of
metabolites to total toxicity are determined. From the fm(t)
and TUm(t), the relative toxicity of metabolites (γ(t)) can be
calculated

where fm(t) is the percent of metabolites in total body residue.
Note that the TUm(t) and γ(t) are not for an individual
metabolite, but for a mixture of metabolites. The estimated
TUm(t) and γ(t), therefore, represent the total body residue
of metabolites, including different metabolites whose toxicity
is similar to, less than, or more toxic than the PC. Since the
composition of individual metabolites as well as total amount
of metabolites can change during the biotransformation
process, the TUm(t) and γ(t) are not constant, but a function
of time and body residue of toxicant.

Meanwhile, if the individual metabolites are investigated,
the γ(t) can be given by

piTUi
p(t) + p̂iTUi

m(t)

) pi
ITUi

p|I(t) + p̂I
iTUi

m|I(t) + TUI(t) ) TUp0(t) ) 1 (38)

piTUi
p(t) ) pi

ITUi
p|I(t) + TUI(t) ) 1

piTUi
p(t) + p̂I

iTUi
m(t) ) TUi

p|I(t) + TUI(t) ) 1

γ(t) ≡ TUm(t)/Cm(t)

TUp(t)/Cp(t)
)

(1 - pTUp(t))/fm(t)

p̂TUp(t)/(1 - fm(t))

γ(t) ≡ LBR50,p0(t)

LBR50,m0(t)
)

(kam/krm)Pm0(t)

(kap/krp)Pp0(t)
(39)
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where the ratio of Pm0(t)/Pp0(t) reflects the impact of the
toxicokinetic interaction on the time-dependent toxicity.
Therefore, γ(t) does not give any concrete information about
metabolite toxicity, so determination of a time-independent
and intrinsic parameter, i.e., the relative toxic potency (γj) of
metabolites compared to that of PC provides more insight.
The γj can be defined as

Experimental Design and Data Analysis Method for the
Assessment of the Relative Toxicity of Metabolites. Ac-
cording to MDAM, the time-dependent toxicity of a me-
tabolized organic compound can be analyzed as mixture
toxicity of PC and metabolites. To estimate the toxicodynamic
parameters, follow the schematic given in Figure 1.

First, the toxicity of PC and metabolites are separately
assessed by blocking the biotransformation using a biotrans-
formation inhibitor. Body residues of PC and metabolites
need to be separately measured and then are described by
a toxicokinetic model. The metabolic interaction between
test compound and inhibitor can be analyzed by comparing
toxicokinetics in the presence and absence of the inhibitor.
Since metabolites are not supposed to occur in the presence
of the inhibitor, the toxicity in the presence of the inhibitor
can be considered to be due to PC and the inhibitor. The
toxicity in the absence of the inhibitor is due to the PC and
metabolites.

The time-dependent toxicity of the PC (LBR50,p0(t) or
LC50,p0(t)) would be determined directly by blocking biotrans-
formation if the relative contribution of the inhibitor to the
total toxicity is negligible. However, the relative contribution
of the inhibitor may be not negligible, because sufficient
concentration of the inhibitor to block biotransformation
can exert toxicity. Thus, it is necessary to determine the time-
dependent toxicity of the inhibitor or at least the relative
contribution of the inhibitor to the total toxicity (TUI(t)).
However, it is difficult to determine the time-dependent
toxicity of the inhibitor because it is not possible with
reasonable effort to measure the inhibitor body residue in

small test animals such as H. azteca. However, the time-
dependent toxic unit of the inhibitor (TUI(t)) can be indirectly
determined in toxicity experiments using a nonmetabolized
compound in the presence and absence of the inhibitor.
Since there is no metabolic interaction, the toxicokinetic
parameters of nonmetabolized compound in the presence
and absence of the inhibitor are statistically the same. Thus,
it is reasonable to assume that the toxicity of the nonme-
tabolized compound (A) and inhibitor are additive (TUI(t) +
TUA|I(t) ) 1), and then TUI(t) can be calculated as

The TUI(t) can be used for determination of LBR50,p0(t) as
follows:

The LBR50,p0(t) can be used to calculate the toxicodynamic
parameters for PC (kap and krp) using the following equation:

(see Supporting Information I).
Since TUp(t) can be calculated by LBR50,p(t)/LBR50,p0(t),

the time-dependent toxicity of metabolites (TUm(t)) can be
also estimated by (1 - piTUp(t))/p̂i, where pi is a function of
time with kep, km, and krp, and p̂i is a function of time with
kep, km, kem, and krm. Since kep and km are estimated by
measuring body residues of PC and metabolites in toxico-
kinetic experiment, krm can be also estimated (see below).

From eq 31, LBR50,m0
i(t) is given by

Since LBR50,m0
i(t) is also defined by DAM as

eq 42 leads to

Meanwhile, LBR50,m(t) and LBR50,p(t) can be measured or
calculated from LBR50,total(t) and a fraction of metabolites as

Therefore, eq 43 is converted into

FIGURE 1. Scheme for the estimation of toxicodynamic parameters
for parent compound and metabolites using time-dependent toxicity
data for mixture of parent compound and metabolites. See Table
1 for the definition of symbols.

γj ≡ lim
tf∞

γ(t) ≡ lim
tf∞

LBR50,p0(t)

LBR50,m0(t)
)

LBR50,p0(t ) ∞)

LBR50,m0(t ) ∞)
)

(kam/krm)

(kap/krp)
(40)

TUI(t) ) 1 - LBR50,A|I(t)/LBR50,A(t)

LBR50,p0(t) )
LBR50,p|I(t)

1 - TUI(t)

LBR50,p0(t) )
DL/(kap/krp)

Pp0(t)
(41)

LBR50,m0
i(t) )

Pm
i(Cw,t)

Pm0
i(t)

LBR50,m
i(t)

1 - pi(LBR50,p
i(t)/LBR50,p0

i(t))
(42)

LBR50,m0
i(t) ≡ Dtox/(kam/krm)

Pm0
i(t)

LBR50,m0
i,*(t) ≡ Dtox/(kam/krm)

Pm
i(t)

)
LBR50,m

i(t)

1 - pi(LBR50,p
i(t)/LBR50,p0

i(t))
(43)

LBR50,m
i(t) ) LBR50,total

i(t)fm
i(t)

and LBR50,p
i(t) ) LBR50,total

i(t)(1 - fm
i(t))

LBR50,m0
i,*(t) ≡ Dtox/(kam/krm)

Pm
i(t)

)

fm
i(t)

1

LBR50,total
i(t)

- pi(t)
(1 - fm

i(t))

LBR50,p0(t)

(44)

1348 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 40, NO. 4, 2006



where

and LBR50,total
i(t) can be experimentally estimated or mea-

sured. The left side of eqs 43 and 44 is a function of both
toxicodynamic parameters such as kam and krm, and toxi-
cokinetic parameters, which can be estimated from the
independent experiments. Therefore, from eqs 43 and 44,
kam and krm can be estimated, but when the biotransformation
process shows MM-type kinetics, a new method for parameter
estimation needs to be developed, because Pm

M(Cw,t) is not
an explicitly known function. In addition, the relative toxic
potency of metabolites (γj) can be calculated (eq 40). Finally,
the estimated toxicokinetic and toxicodynamic parameters
can be used to assess the influence of toxicokinetic interaction
such as biotransformation inhibition or induction.

Acknowledgments
GLERL contribution No. 1372. Jong-Hyeon Lee was funded
by in part through a National Research Council Associateship
Award at the Great Lakes Environmental Research Laboratory.
The work was also funded through the Cooperative Institute
for Limnology and Ecosystems Research, University of
Michigan, under cooperative agreement (NA67RJ0148) from
the office of the National Oceanic and Atmospheric Admin-
istration, U.S. Department of Commerce.

Supporting Information Available
Biocooncentration factor, toxicokinetic and toxicodynamic
time-scale functions, median lethal body residue and median
lethal concentration for parent compound and metabolites,
and toxicokinetic interaction by biotransformation and time-
dependent toxicity. This material is available free of charge
via the Internet at http://pubs.acs.org.

Literature Cited
(1) Fenner, K.; Kooijman, C.; Scheringer, M.; Hungerbühler, K.

Including transformation products into the risk assessment for
chemicals: The case of nonylphenol ethoxylate usage in
Switzerland. Environ. Sci. Technol. 2002, 36, 1147-1154.

(2) Escher, B. I.; Hermens, J. L. M. Modes of action in ecotoxicol-
ogy: their role in body burdens, species sensitivity, QSARs, and
mixture effects. Environ. Sci. Technol. 2002, 36, 4201-4217.

(3) Spacie, A.; Landrum, P. F.; Leversee, F. L. Uptake, depuration,
and biotransformation of anthrancene and benzo[a]pyrene in
bluegill sunfish. Ecotoxicol. Environ. Saf. 1983, 7, 330-341.

(4) Drescher, K.; Beodeker, W. Assessment of the combined effects
of substances: the relationship between concentration addition
and independent action. Biometrics 1995, 51, 716-730.

(5) Groten, J. P.; Feron, V. J.; Sühnel, J. Toxicology of simple and
complex mixtures. Trends Phamacol. Sci. 2001, 22, 316-322.

(6) Jonker, M. J. Joint toxic effects on Caenorhabditis elegans: on
the analysis and interpretation of mixture toxicity data. Ph.D.
Thesis. Wageningen University, Wageningen, The Netherlands,
2003.

(7) Christensen, E. R.; Chen, C. Y. A general noninteractive multiple
toxicity model including probit, logit and Weibull transforma-
tions. Biometrics 1985, 41, 711-725.

(8) Chen, C.-Y.; Lu, C.-L. An analysis of the combined effects of
organic toxicants. Sci. Total Environ. 2002, 289, 123-132.

(9) Greco, W. R. The search for synergy: a critical review from a
response surface perspective. Pharmacol. Rev. 1995. 47, 331-
385.

(10) Jones, D. P.; Brown, L. A. S.; Sternberg, P. Variability in
glutathione-dependent detoxication in vivo and its relevance
to detoxication of chemical mixtures. Toxicology 1995, 105, 267-
274.

(11) Mehendale, M. Mechanism of the interactive amplication of
halomethane hepatotoxicity and lethality by other chemicals.
In Toxicology of Chemical Mixtures: Case Studies, Mechanisms,
and Novel Approaches; Yang, R. S. H., Ed.; Academic Press: New
York, 1994; pp 299-334.

(12) Lee, J.-H.; Landrum, P. F.; Koh, C.-H. Prediction of time-
dependent PAH toxicity in Hyalella azteca using a damage
assessment model. Environ. Sci. Technol. 2002, 36, 3131-3138.

(13) Kooijman, S. A. L. M. Dynamic Energy and Mass Budget Model
in Biological System; Cambridge University Press: New York,
2000.

(14) Landrum, P. F.; Steevens, J. A.; McElroy, M.; Gossiaux, D. C.;
Lewis, J. S.; Robinson, S. D. Time-dependent toxicity of DDE to
Hyalella azteca: Is DDE a nonpolar narcotic when assessing
the mortality endpoint. Environ. Toxicol. Chem. 2004, 24, 211-
218.

(15) Boelsterli, U. A. Mechanistic Toxicology: The Molecular Basis of
How Chemicals Disrupt Biological Targets; Taylor & Francis:
New York, 2003.

(16) Hawkins, S. A.; Billiard S. M.; Tabash S. P.; Brown R. S.; Hodson
P. V.; Altering cytochrome P4501A activity affects polycyclic
aromatic hydrocarbon metabolism and toxicity in rainbow trout
(Oncorhynchus mykiss). Environ. Toxicol. Chem. 2002, 21, 1845-
1853.

(17) Wassenberg, D. M.; Di Giulio, R. T. Synergistic embryotoxicity
of polycyclic aromatic hydrocarbon aryl hydrocarbon receptor
agonists with cytochrome P4501A inhibitors in Fundulus
heteroclitus. Environ. Health Perspect. 2004, 112, 1658-1664.

(18) Christensen, E. R. Dose-response functions in aquatic toxicity
testing and the Weibull model. Water Res. 1984, 2, 213-221.

(19) Backhaus, T.; Faust M.; Scholze, M.; Gramatica, P.; Vighi, M.;
Grimme, L. H. Joint algal toxicity of phenylurea herbicides is
equally predictable by concentration addition and independent
action. Environ. Toxicol. Chem. 2004, 23, 258-264.

(20) Schuler, L. J.; Landrum, P. F.; Lydy, M. J. Time-dependent toxicity
of fluoranthene to freshwater invertebrates and the role of
biotransformation on lethal body residue. Environ. Sci. Technol.
2004, 38, 6247-6255.

Received for review June 13, 2005. Revised manuscript re-
ceived November 2, 2005. Accepted November 3, 2005.

ES051120F

fm
i(t) ≡ Cm

i(t)

Cm
i(t) + Cp

i(t)

)
Km

i(t)

Km
i(t) + (BCFp

i/BCFm
i)Kp

i(t)
,

LBR50,p0(t) )
Dtox/(kap/krp)

Pp0(t)
, pi(t) ≡ Pp

i(t)

Pp0(t)

VOL. 40, NO. 4, 2006 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 1349


